Introduction
Anthropogenic activities such as mining, industrial processing, sewage sludge management, and agricultural practices result in the annual release of huge amounts of pollutant metals (Pb, Cu, Ni, Cr, Cd, etc.) that enter soil and water systems (Singh et al., 2003; Boyd, 2010) . In most developing countries, metal-bearing wastewaters are disposed of through traditional unpaved drains, and then they are used for crop irrigation purposes (Nasir et al., 2012; Hidri et al., 2014) , which has resulted in the development of heavy-metal-polluted soils (Chabukdhara and Nema, 2013; Yao et al., 2014) . In Pakistan, heavy metal pollution in soil due to wastewater irrigation has been reported by various authors (Mushtaq and Khan, 2010; Iqbal et al., 2011a; Nasir et al., 2012) . Phytoremediation is a cheap, ecofriendly, and cost-effective approach, compared to physical and chemical approaches, to decontaminate polluted soils (Salt et al., 1995 (Salt et al., , 1998 Waranusantigul et al., 2011) . Moreover, the use of woody vegetation has advantages compared to ephemeral/annual plants because it has greater biomass, higher economic value, and there is less risk of pollutants entering the food chain (Pulford and Watson, 2003; Peng et al., 2012) . However, finding the appropriate site-specific tree species and developing a better understanding of the biological processes of heavy metal absorption, translocation, accumulation, phytotoxicity symptoms, and tolerance mechanisms are desired in research into improving this existing technology (Gomes et al., 2012) .
The presence of large amounts of lead (Pb) in soils and waters is primarily due to anthropogenic activities such as use of Pb-based paints, shotgun pellets, pesticides, and gasoline, because it occurs naturally in small amounts within the earth's crust (Arshad et al., 2008; Abstract: Lead (Pb) is one of the most toxic and persistent elements, with no known biological role. High concentrations of lead enter saline soils through anthropogenic activities and industrial waste. The decontamination of Pb polluted sites through phytoremediation, especially by using woody plants, is an attractive approach. Eucalyptus camaldulensis is a good accumulator of Pb and a recommended tree species for reclamation of saline soils. However, there is very limited knowledge about the Pb-uptake behavior of Eucalyptus camaldulensis under saline conditions. The objective of this study was to examine the simultaneous impact of NaCl salinity and Pb stress on the phytoremedial potential and growth behavior of E. camaldulensis. Six-week-old Eucalyptus camaldulensis plants with uniform morphological features were transferred into hydroponic conditions, and they were exposed to the NaCl salinity stress at 200 mM and Pb stress at 10 mg L -1 and 20 mg L -1 (Pb1 and Pb2, respectively). The plants showed a 100% survival rate in all treatments. All the morphological parameters (plant height, plant diameter, and shoot dry weight) for E. camaldulensis were significantly affected when exposed to Pb or Pb + NaCl-salinity, with the exception of root length which was 36% higher in Pb2 as compared to the control. The Pb uptake (mg Pb plant -1 ) was much higher (49.3) under Pb2 + NaCl-salinity, as compared to the control (1.2) and other treatments, which shows that saline conditions increased the Pb-uptake in E. camaldulensis. The order of deposition of Pb (mg Pb kg -1 of dry weight) in plant parts was root (103.4) >> shoot (17.5) > leaves (13.6). Similarly, the bioconcentration factor (BCF) of the roots was 4 to 6 times higher than shoot BCF. al., 2013) . Lead is one of the most toxic and persistent elements with no known biological role (Foulkes, 2000) , and lead exposure in human beings can result in brain and kidney problems as well as gastrointestinal diseases (Jarup, 2003) . Long-term lead exposure can even result in failure of the central nervous system and the liver (Gupta et al., 2013) . Lead is one of the great phytotoxic elements as well, and recent studies have shown that the cytoplasm is the primary site of Pb toxicity (Kopittke et al., 2011) . The negative effects of lead on the morphological and physiological characteristics of plants have been widely reported (Gupta et al., 2009; Huang et al., 2012) .
The phytoremediation of heavy-metal-polluted soils can become troublesome when it is coupled with salinity, as in the irrigated tracts of semiarid regions of Pakistan (Raziuddin et al., 2011) . Apart from Pakistan, about onethird of the world's irrigated lands, and half of those in the semiarid and coastal regions, are moderately or severely affected by salinity (Rawat and Banerjee, 1998) . In Pbpolluted saline soils, plants have to tolerate the toxicity of Pb as well as the major abiotic stress of salinity; hence, all the higher vascular plants are unable to survive and grow in these harsh conditions (Van der Moezel et al., 1988) . The use of tolerant plants that are suitable for degraded lands and for Pb-phytoremediation purposes is recommended, because these plants are better in terms of survival, growth, and reproduction than nontolerant plants (Gupta et al., 2013) .
The Eucalyptus camaldulensis Dehnh. is highly recommended to combat salinity, because it can tolerate high levels of NaCl-salinity as compared to other tree species (Marcar, 1993; Akilan et al., 1997; Van der Moezel et al., 1988) . Salinity up to a level of 160 mM NaCl did not affect the survival of E. camaldulensis; however, it can affect plant growth and dry-matter production negatively (Rawat and Banerjee, 1998; Grieve et al., 1999) . The Eucalyptus species was introduced to Pakistan in the 19th century from Australia due to its ornamental importance and evergreen nature (Iqbal et al., 2011b) . Since the early 20th century, following intensive evaluation of its wood qualities and growth behavior, Eucalyptus camaldulensis Dehnh. has become a very popular tree species in Pakistan (Qureshi et al., 1993; Mahmood et al., 2003) . This species has been planted successfully for the afforestation of marginal lands (saline and waterlogged) as well as farmlands due to its ability to produce good economic returns in a short time (Akhter et al., 2005) . This species also has great potential for use in phytoremediation and/or phytostabilization, because a major portion of the heavy metal is accumulated in roots, with very low transport rates from root to shoot (Gomes et al., 2012; Peng et al., 2012) . It was reported that E. camaldulensis is a good Pb-accumulator; however, higher concentrations of Pb (≥20 mg/L) in soil solution can adversely affect its growth without any threat to the survival of the plant (Waranusantigul et al., 2011) .
In light of previous studies, it is evident that E. camaldulensis Dehnh. is appropriate to grow in saline soils as well as in Pb-contaminated soils in Pakistan; however, the morphological and ecophysiological response of E. camaldulensis in Pb-contaminated saline soils is not yet known. Therefore, the present study was designed to evaluate the Pb-tolerance and accumulation behavior of E. camaldulensis under NaCl-saline conditions. The first objective of this study was to analyze the Pbphytoextraction capacity and morphological-cumphysiological response of E. camaldulensis Dehnh. to different Pb concentrations. The second objective was to analyze how Pb-phytoextraction behavior of E. camaldulensis is modified under NaCl-based salinity. To the best of our knowledge, this is the first study to determine the simultaneous impact of NaCl-salinity and Pb stress on the Pb-uptake behavior of E. camaldulensis. Table 1 and were collected from the Agricultural Meteorology Cell, Department of Crop Physiology, University of Agriculture, Faisalabad, located some meters away from experimental area. Six-week-old, uniform sized seedlings were transferred into 50 L capacity plastic tubs covered with sterilized plastic sheets under greenhouse conditions (humidity: ~50%, temperature: 20-31 °C, and photon flux: 6000-9000 lux). Tubs were filled with Hoagland's solution, and their pH was set at 5.5 ± 0.1 using KOH or HCl. Deionized (Na + and Cl -free) water was used to make Hoagland's solution. After an additional growth period of 2 weeks, two different concentrations of lead (Pb) were added to the nutrient solution in the form of Pb(NO 3 ) 2 : 10 mg Pb L -1 (Pb1) and 20 mg Pb L -1 (Pb2). The two Pb concentrations were chosen considering the WHO-set limit for Pb in irrigation water (5 mg Pb L -1 ) as well as the level of Pb concentration found at some sites in Pakistan (Iqbal et al., 2011a) . A stress of 200 mM NaClsalinity was applied to the desired plants in hydroponics by dissolving appropriate quantities of chemically pure NaCl salts in nutrient solution, as described by Rawat and Banerjee (1998) . The hydroponic media were continuously aerated and replaced weekly.
Materials and methods

Hydroponic experiment
Treatments
There were a total of six treatments in the experiment: a combination of 3 levels of Pb (0, 10, and 20 mg Pb L -1 ; Pb0, Pb1, and Pb2, respectively) and 2 levels of NaCl concentration (0 and 200 mM NaCl; NaCl0 and NaCl1, respectively). Three replicates for each treatment and three seedlings for each replicate were employed during our study.
Measurements
After 6 weeks of treatment, the photosynthetic rate and stomatal conductance of seedlings were measured using a portable photosynthetic system. The measurements were taken between 1000 and 1100 hours and were repeated to record 5 observations for each leaf sample. The plants were harvested after 7 weeks of exposure to different treatments. Individual plant height, diameter, and root length were measured, and visual observations were made. The plants were separated into root and shoot fractions, placed in paper bags, and dried in an oven at 70 °C to a constant weight to determine shoot and root dry weights.
Chemical analysis
Dried plant samples were ground into powder, sieved at 1 mm, and 0.5 g of the plant samples were digested in 10 mL of strong acid solution (HNO 3 /HClO 4 , 3:1, v v -1 ). Then Pb concentrations in the digestions were determined using an atomic absorption spectrophotometer (Hitachi Polarized Zeeman AAS, Z-8200, Japan) in the Hi-Tech Lab of the University of Agriculture, Faisalabad, Pakistan, following standard conditions and using a highly sterilized glass apparatus and highly purified deionized water. Calibrated standard was prepared from commercially available stock solution (AppliChem) in the form of aqueous solution. To study Pb bioconcentration behavior, the bioconcentration factor (BCF) was calculated by dividing the Pbconcentration in plant tissue (mg g -1 DW) at harvest by the metal concentration in the solution, as calculated by Sharma and Agrawal (2006) and Gomes et al. (2012) .
Statistical analysis
Collected data were analyzed statistically by using analysis of variance (ANOVA) in completely randomized design (CRD) and least significant difference method (LSD) in SPSS for Windows. The level of statistical significance was set at P < 0.05.
Results
Plant growth and visual observation
All E. camaldulensis plants survived the NaCl-salinity stress at 200 mM NaCl and Pb stresses at 10 mg L -1 and 20 mg L -1 . However, more luxurious growth was observed in the control treatment (in the absence of salinity and/or Pb), and the leaves were thin and yellowish with brown spots when NaCl-salinity stress was coupled with Pb stress.
The experimental results related to effects of two Pb concentrations and NaCl-salinity on the morphological characteristics (plant height, diameter, root length, root/ shoot ratio, and shoot and root dry weights) are presented in Figure 1 . It was found that plant height (30.7 cm) and plant diameter (0.5 cm) were significantly higher in the Pb0-NaCl0 (control) treatment, and both growth parameters were negatively affected by NaCl-salinity and Pb stress (Figures 1a and 1b) . In the absence of NaClsalinity, two concentrations of Pb in the nutrient solution (Pb1 + NaCl0 and Pb2 + NaCl0) resulted in a 32.5% and 52.1% reduction in plant height in E. camaldulensis, respectively, as compared to the control (Figure 1a ). Root length of E. camaldulensis plants was adversely affected by NaCl-salinity, and minimum root length (19.8 cm) was found in the presence of NaCl-salinity (Figure 1c ), but application of Pb resulted in the enhanced growth of roots. At 20 mg Pb L -1 (Pb2 + NaCl0), root length was about 33% more as compared to Pb1 + NaCl0 (10 mg Pb L -1 ) and 36% higher than the control. The maximum root-to-shoot ratio was observed in the Pb2 + NaCl0 treatment (2.22), and the minimum (0.78) was observed in Pb0 + NaCl0 (control) (Figure 1d ). Figures 1e and 1f demonstrate that shoot dry weight was highest in Pb0 + NaCl0 (6.1 g plant -1
), while root dry weight was highest in Pb2 + NaCl0 (4.8 g plant -1
). 
Pb contents, accumulation, and bioconcentration factor
Pb concentration in plant parts (root, shoot, and leaves) is largely influenced by Pb concentration in the nutrient solution as well as salinity (Figure 2 ). With the increase in the Pb concentration from 10 mg L -1 in Pb1 + NaCl0 to 20 mg L -1 in Pb2 + NaCl0, the Pb uptake and accumulation increased in the root portion, but this did not significantly affect the transport of Pb from roots to shoots and leaves (Figures 2a-2c) . The NaCl-salinity treatment (NaCl1) significantly modified Pb uptake behavior in roots and also affected the transport of Pb from roots to leaves; however, no significant difference was found for Pb content in shoots. The Pb accumulation in roots increased by 49% at 20 mg Pb L -1 and 200 mM NaCl (Pb2 + NaCl1) as compared to the Pb2 + NaCl0 treatment. Similarly, the lead content was 373% greater in leaves under the Pb2 + NaCl1 treatment as compared to the Pb2 + NaCl0 treatment (Figure 2c ). Total Pb uptake by the plant (mg Pb plant -1 ) was also greatest in Pb2 + NaCl1 (49.3) as compared to Pb0 + NaCl0 (1.2), Pb0 + NaCl1 (1.4), Pb1 + NaCl0 (27.4), Pb2 + NaCl0 (30.1), and Pb1 + NaCl1 (34.1) (Figure 2d ). The Pb concentration gradient was as follows: root > shoots ≥ leaves ( Figure  2e) . A maximum Pb uptake (mg Pb kg -1 of dry weight) of about 103.4 was found in the root portion of the plants and was significantly higher than in the shoots (17.5) and leaves (13.6). The bioconcentration factor (BCF) of roots was 4 to 6 times higher than the BCF of shoots (Table 2) . The BCF shoot and BCF root at 10 mg Pb L -1 were higher (0.48 and 2.11, respectively) as compared to 20 mg Pb L -1 (0.275 and 1.23, respectively). NaCl-salinity treatment at 10 mg Pb L -1 increased shoot BCF by 33% and root BCF by 19% as compared to 10 mg Pb L -1 treatment.
Photosynthesis and stomatal conductance
The photosynthesis rate and stomatal conductance were distinctly affected by Pb concentrations ( ) and NaCl-salinity (200 mM NaCl) as represented in Table 2 . The presence of stress, either Pb or salinity, increased the photosynthetic rate and stomatal conductance. The highest photosynthetic rate and stomatal conductance (3.5 and 425, respectively) were observed when Pb stress at 20 mg L -1 was coupled with NaCl-salinity stress at 200 mM (Table 2 ).
Discussion
The results showed that survival of the Eucalyptus camaldulensis plants was not affected by high NaCl salinity or higher levels of Pb in nutrient solutions. These results are in agreement with previous studies (Marcar, 1993; Rawat and Banerjee, 1998; Van der Moezel et al., 1988; Gomes et al., 2012; Peng et al., 2012) that have shown that E. camaldulensis tree species can be successfully grown on salt-affected soils as well as Pb-polluted soils. However, significant biomass reduction was observed at 200 mM NaCl and in the presence of Pb. It is reported that E. camaldulensis is tolerant of NaCl-salinity, but NaClsalinity above 200 mM can affect the biomass production of E. camaldulensis plants (Rawat and Banerjee, 1998) . The decoloration of leaves and the appearance of various symptoms on the leaves could be the result of deficiencies in nutrients that are essential for physiological functioning of plants (Barcelo and Poschenrieder, 1990) or due to Pb phytotoxicity (Sharma and Dubey, 2005) . The results for root/shoot ratio showed that the application of Pb resulted in enhanced root growth and reduced shoot growth; NaCl-salinity negatively affected root growth as well shoot growth (Figure 1d) . However, the negative effects of NaClsalinity on shoot growth were higher than on root growth. The increase in root length in the presence of higher lead concentrations may be due to the increased production of roots, which are needed to absorb more of the available nutrients in stressful environments (Jarup, 2003; Peng et al., 2012) .
In general, E. camaldulensis was a good accumulator of Pb, and it accumulates significantly higher proportions of lead in the root portion than in the shoots or leaves; that means Pb is stabilized in roots of E. camaldulensis as in other woody plants (Pulford and Watson, 2003; Gomes et al., 2012) . Lower concentrations of Pb in shoots or leaves indicate the poor ability of E. camaldulensis tree species to translocate Pb from roots to shoots (Waranusantigul et al., 2011) . This phenomenon, coupled with low utilization of this plant as human food, makes it very safe to use E. camaldulensis for phytoremediation purposes.
NaCl-salinity, when coupled with Pb stress, modified the accumulation and translocation behavior of the plants. Increased absorption of Pb in the presence of salinity may be due to increased mobility of Pb in nutrient solution (Acosta et al., 2011) or the increased permeability of tree roots (Wang et al., 2006) . However, an in-depth physiological study is required to investigate the demonstrated response of E. camaldulensis in the presence of salinity and Pb concentrations.
The observed photosynthetic characteristics and stomatal conductance indicate that salinity and Pb stress stimulated the photosynthetic rate and stomatal conductance, which is contrary to some findings (Tattini et al., 1995; Raziuddin et al., 2011) others (Chavan and Karadge, 1986; Rawat and Banerjee, 1998) . The increase in the above-mentioned characteristics may be due to an increase in CO 2 absorption per unit leaf area due to salinity stress (Rawat and Banerjee, 1998 ).
but in agreement with
In conclusion, Eucalyptus camaldulensis is fast growing tree that has been increasingly adopted by Pakistani farmers due to high income returns in short rotations of 3-5 years. This study has shown that this tree can be successfully grown in saline and Pb-polluted soils, and the efficiency of E. camaldulensis as a phytostabilizer of Pb increases in NaCl-saline soils. However, a detailed ecophysiological field study is needed to explain the increased absorption of Pb under NaCl-saline conditions.
